+ isomeric state in the proton-rich nucleus 152 Tm were established by employing the recoil-isomer tagging technique. Data were collected using the JUROGAM gamma-ray array and the GREAT spectrometer together with the recoil ion transport unit (RITU) gas-filled recoil separator and analyzed to identify the prompt and delayed γ decays from the levels in 152 Tm. Shell-model calculations, either in a large valence space or in a reduced model space with five protons in the π 0h 11/2 orbital and one neutron in the ν1f 7/2 orbital, agree with the observed energies of the yrast levels up to angular momentum J = 21. The observation of near degeneracies in the energy spectrum can be attributed to specific components of the proton-neutron interaction. The isomeric decay of the 17 + level is not reproduced in the shell-model calculations as it arises from a delicate balance between hindrance due to seniority selection rules and enhancement due to configuration mixing.
I. INTRODUCTION
The substantial evidence for a subshell gap at proton number Z = 64 [1] triggered a great deal of work on proton-rich nuclei in the A ≈ 150 mass region [2] [3] [4] [5] [6] [7] . The similarities between the doubly magic nuclei 146 Gd and 208 Pb [1] and the expected influence of the proton-neutron interaction on structural features as observed in the 100 Sn region [3, [8] [9] [10] ] also fueled further interest. As a result, a wealth of nuclear structure data has become available. This allowed a study of the evolution of level energies and transition strengths in nuclei with a few valence particles outside the 146 Gd core. A comparison with the calculations using empirical interactions revealed the crucial roles of the nucleon occupation of the π 0h 11/2 orbital. The interaction between protons in the π 0h 11/2 orbital and neutrons in the ν0h 9/2 orbital is also expected to influence the level structures exhibited by nuclei in this region [4] . As protons are added above the Z = 64 subshell closure or neutrons above the N = 82 shell closure, the proton-neutron interaction is expected to strengthen and have an effect on the nuclear * Present address: School of Computing, Engineering and Physical Sciences, University of the West of Scotland, Paisley, PA1 2BE, United Kingdom. structure features. For example, differences between the level structures below the 17 + isomeric states in 150 Ho and 152 Tm isotones have been provisionally interpreted to arise from the strong influence of the π 0h 11/2 -ν0h 9/2 interaction; however, that needs confirmation [4] .
The assumption of a doubly magic 146 Gd core greatly facilitates shell-model calculations. Consequently, theoretical interpretations of the levels in nuclei with Z ∼ 64 and N ∼ 82 are currently feasible. In particular, if one assumes that only protons in the π 0h 11/2 orbital and neutrons in the ν1f 7/2 orbital are active, then the shell-model calculations can be performed relatively easily and a comparison with data can be used to refine or develop nuclear structure models [2, 4, 5] . The overall aim of such studies is to test models with particular components of the nucleon-nucleon interaction. In an empirical approach, this interaction is extracted from the data or taken from systematics [2, 4, 5] . For example, experimental knowledge of the structure of 148 65 Tb 83 [6] determines the π 0h 11/2 -ν1f 7/2 interaction or that of 146 63 Eu 83 [7] fixes the (π 0h 11/2 ) −1 -ν1f 7/2 interaction. In contrast, modern shell-model calculations can be performed by utilizing a nucleon-nucleon interaction derived from first principles. Therefore, it is of principal interest to make a comparison between calculations performed using empirical and microscopic interactions to refine our knowledge of the latter and to produce better theoretical predictions. In the context of the present work, a comparison between the calculations and experimental data on the levels in 152 69 Tm 73 can be made to understand the role of the proton-neutron interaction [4] .
The nucleus 152 69 Tm 83 has five protons beyond Z = 64 (mainly in the π 0h 11/2 orbital) and one neutron beyond N = 82 (mainly in the ν1f 7/2 orbital). Because of the presence of these isolated and low-lying high-j orbitals, the nucleus displays two isomeric states with half-lives (T 1/2 ) of 294(12) ns and 42(5) ns that were observed in Ref. [4] . The shorter-lived isomeric state was predicted to be located around 6.3 MeV; however, the excitation energy of this level could not be determined using the data. The levels populated by the decay of the longer lived state were studied previously, which led to a spin and parity assignment of J π = 17 + for the isomeric state. The isomeric nature of this state (and others like it in the region) can be explained with seniority arguments or, equivalently, arguments based on the number of broken nucleon pairs [2] . These studies also led to the conclusion that the levels above the 17 + isomeric state had a different seniority structure as they involve the breaking of an additional proton pair. In Ref. [4] , 12 γ -ray transitions following the decay of the 42 ns isomeric state have been listed. However, no level scheme between the two isomeric states is known to date. In the present work, we performed a recoil-isomer tagging study of 152 Tm together with the triple prompt γ -ray coincidence analysis to obtain excited states above the 17 + isomeric state. The data have been compared with the large-scale shell-model calculations in order to investigate the influence of the proton-neutron interaction on the nuclear structure in 152 Tm.
II. EXPERIMENTAL DETAILS
The experiment was carried out for 40 h at the Accelerator Laboratory of the University of Jyväskylä. A 64 Zn
12
+ beam with an intensity of ∼5 pnA was accelerated to an energy of 280 MeV by the K130 cyclotron and was used to bombard a 92 Mo target with a thickness of 500 μg/cm 2 . Excited states in 152 Tm were populated in the 92 Mo ( 64 Zn, 3pn) fusionevaporation reaction. Prompt γ rays were detected at the target position by the JUROGAM array, which comprised 43 Compton-suppressed high-purity germanium detectors, with a total photopeak efficiency of 4.2% at 1.33 MeV [11] . The evaporation residues were separated from the unreacted beam by the Recoil Ion Transport Unit (RITU) separator [12, 13] and were implanted into an aluminium stopper foil at the focal plane where the Gamma-Recoil-Electron-Alpha-Tagging (GREAT) spectrometer was located [14] . These recoiling nuclei were identified on the basis of energy loss and time of flight (ToF) as they passed through a dual multiwire proportional counter (MWPC) system at the entrance of GREAT. In the standard setup, rates of recoil implantations into the double sided silicon strip detector (DSSSD) are limited in order to minimize any damage to the detector. Replacement of the DSSSD with a metal foil in the present dual-MWPC setup lifted such constraints arising from a silicon detector and allowed a higher beam intensity. The planar Ge strip detector in GREAT was placed ∼10 mm behind the Al stopper foil to record low-energy delayed γ rays. In order to detect higher energy (>300 keV) γ rays with a better efficiency compared to that of the planar detector, two phase 1 germanium detectors detectors [11] and a segmented clover Ge detector (collectively referred to as the focal-plane Ge, FPGe) were placed surrounding the planar Ge detector [14] .
All registered detector signals were time stamped using a 100-MHz clock in the total data readout (TDR) acquisition system [15] . The FPGe detectors were used to detect the energies and timing of γ -ray events that had been delayed (E D γ ) with respect to the observed prompt γ rays (E P γ ) at the target position. The GRAIN software package [16] was used to perform offline data sorting and to obtain a three-dimensional E γ -E γ -E γ energy cube as well as two-dimensional E γ -E γ energy versus energy and E γ -T γ energy versus time matrices. Here, T γ corresponds to the time difference between a recoil implantation and a delayed γ -ray detection. The events in these histograms were gated by the ToF and the energy-loss signals for the recoils from the dual-MWPC setup. The two dimensional E D γ -E D γ and E P γ -E P γ matrices containing delayeddelayed and prompt-prompt coincidence events, respectively, were prepared with a time window of 100 ns. In addition, E P γ -E D γ prompt-delayed coincidence matrices were also prepared. A condition was imposed which demanded that the decay events at the focal plane were in time correlation with the implanted recoils within a window of 1 μs, corresponding to approximately three times the half-life of the 17 + isomeric state in 152 Tm. For the purpose of background subtraction, matrixes were also prepared with a time window of 1 to 2 μs following the recoil implantation. Background-subtracted histograms were used to perform standard prompt-prompt and prompt-delayed coincidence analysis using the RADWARE [17] package. Furthermore, an E D γ -T D γ matrix was also constructed in order to obtain the lifetime of the 17 + isomeric state.
III. RESULTS
The excited states with spins up to 27 + were observed by identifying γ -ray transitions in 152 Tm. Figure 1 shows the deduced level scheme. The known lifetime of the 17 + isomeric state and the delayed level structure populated by it were also confirmed [4] . Details of the analysis used for obtaining these results are discussed in the following subsections. background, f (x) = A exp [−B(x − 0.64)] + C, was fit to this distribution with a χ 2 value of ∼14 in order to obtain a half-life of T 1/2 = 304(8) ns for the isomeric state. This is consistent with but slightly more accurate than the previously known value of 294(12) ns [4] .
A γ γ coincidence analysis was performed for the delayed γ rays by utilizing the E D γ -E D γ matrix. The statistics in these delayed spectra are lower compared to that from the previous work [4] . Nevertheless, the known level scheme below the 17 + isomeric state could be confirmed, except for the nonobserva- tion of the 73-keV transition essentially due to the electron conversion process [4] . Figure 4 shows the delayed γ -ray energy spectra. These spectra were projected from the E Table I gives the intensities of the delayed γ rays, which were obtained from Fig. 4 . As the 765-and 1170-keV γ -ray transitions were not observed in these gated spectra, their intensities (marked with asterisks in Table I ) were obtained by using the delayed γ -ray spectrum with no condition on the prompt γ -ray detection. This was possible due to the absence of any contamination in the corresponding γ -ray peaks. The total conversion coefficients for the low-energy transitions, namely, α 104 = 5.5 ± 1.0 (2.64(11) from BRICC [18] ), α 114 = 1.6 ± 0.6 [2.13 (7) 
Energy (keV) Intensity
E γ This study Ref. [4] 103.5 (1) 23 (3) 31(3) 106.5 (2) 11 (3) 7(1) 114.4 (1) 12 (2) 11 (1) 151.4(1) 81 (4) 72(6) 179.5 (5) 12 (1) 13 (1) 235.7(1) 73 (4) 70(4) 320.1 (1) 100(6) 100(5) 337.4 (1) 19 (3) 18(1) 361.4 (1) 42 (4) results and the level scheme below the 17 + isomeric state from the present work are fully consistent with those from Ref. [4] . Furthermore, a rather good agreement between the experimental data and the large-scale shell-model calculations (see below) supports the spin and parity assignments of the energy levels.
B. Prompt level scheme populating the 17
+ isomeric state A prompt-delayed γ γ coincidence analysis was performed by using the E P γ -E D γ matrix to search for such γ decays at the target position. Figure 5 shows a prompt γ -ray spectrum that was projected by gating on the known delayed γ rays, namely, those with energies of 104, 114, 151, 180, 236, 320, 337, 361 (detected in both the planar and focal-plane Ge detectors), 530, 543, 657, 681, 726, 765, 1018, 1170, and 1450 keV (detected in the focal-plane Ge detectors alone). This coincidence spectrum allowed a clean identification of 17 prompt γ rays in 152 Tm and was used to obtain their intensities that are given in Table II . For the transitions marked with daggers ( † ) in the table, no significant peaks can be seen in Fig. 5 . Therefore, the corresponding intensities were obtained from the γ -ray energy spectra projected from the E P γ -E P γ -E P γ energy cube by gating on one or two other relevant γ rays in 152 Tm. In this case, no condition of time correlation was imposed between the prompt γ -ray events in the energy cube and the delayed γ -ray events at the focal plane. Figure 6 shows a few γ γ γ coincidence spectra that were obtained from the E P γ -E P γ -E P γ energy cube. Such spectra were analyzed in order to construct a level scheme corresponding to the prompt γ rays in 152 Tm (cf. Fig. 5 ). The cascade of the 384-, 358-, 855-, 725-, and 1289-keV γ rays in Fig. 1 is supported by the spectrum shown in Fig. 6(a) , which was prepared by gating on the 725-and 855-keV γ rays. The 86-keV transition was placed in a parallel branch since it was not found to be in coincidence with the 384-keV transition. The order of the 358-and 855-keV γ rays could not be completely fixed by the observed intensities and, therefore, is tentative. Figure 6 transitions, was established using Fig. 6(c) . This spectrum also supported the placement of the 128-and 1184-keV transitions that have different decay paths to the isomeric state when compared to that of the 1289-keV transition. Finally, Figs. 6(d) and 6(e) were used to place the 423-, 777-, and 1258-keV transitions as shown in Fig. 1 . Several peaks marked with asterisks (*) were observed in Fig. 6(c) , corresponding to the γ -ray transitions below the 17 + isomeric state (cf. Fig. 1 ). Such events are not expected in this triple coincident spectra detected by JUROGAM, if they are originating only from the decay of the 17 + isomeric state. Presence of these events at the target position indicates that either there is an unobserved transition bypassing the 17 + isomeric state or the in-flight decays of this isomeric state with T 1/2 = 304(8) ns in 152 Tm recoil nuclei. The spin and parities, J π , of levels shown in Fig. 1 
above the 17
+ isomeric state could only be assigned tentatively in this work. The observed γ -ray intensities and internal conversion coefficients as well as γ -ray coincidence analyses and level energies were used for this purpose. These assignments were further supported by our large-scale shell-model calculations (see below). The unshaded arrow widths in the level scheme represent electron conversion for the low-energy γ rays. The values of α 128 = 1.9 ± 0.3. (1.23(4) from BRICC [18] ) and α 158 = 3.8 ± 0.9. (12) for E3 and 0.689 (19) for M2] did not allow a determination of the nature of these transitions. We note that the conversion coefficient analysis does not exclude an exchange of first 21 + and 22 − assignments (as predicted by our calculations below) in Fig. 1 . In this case, the presence of a ∼1100-keV 24 − → 22 − E2 transition may be expected in the γ -ray spectrum. However, no evidence for such a peak was found.
In Ref. [4] , 12 γ rays were associated with the decay of the shorter lived isomeric state with T 1/2 = 42(5) ns. However, they were not placed in a level scheme. In the present work, 10 out of these transitions with energies of 128, 264, 287, 358, 725, 777, 855, 1184, 1258, and 1289 keV were detected as prompt γ rays in JUROGAM at the target position. Such a situation can be expected if transitions bypassing the isomer are present. The remaining two γ -rays with energies of 114.0 and 411.4 keV may well be originating directly from the decay of the shorter lived isomeric state and populating the 26 − and 27 + states at energies of ∼6164.8 and ∼5867.4 keV, respectively. In this case, these transitions would be delayed and would be absent in the prompt γ -ray spectrum. These observations imply an excitation energy of 114.0 + 6164.8 = 411.0 + 5867.4 = 6278.8 keV for the isomeric state that agrees well with ∼6.3 MeV estimated in Ref. [4] .
IV. DISCUSSION
Spin and parity assignments for the newly identified states above the 17 + isomeric state in Fig. 1 were made through a comparison between data and calculations. In Ref. [4] , calculations were performed with empirical two-body matrix elements (TBMEs) for protons in the π 0h 11/2 orbital. The TBMEs were obtained from the experimental levels of 148 Dy, which has two valence protons outside the 146 Gd core, assuming a Z = 64 subshell closure [19] . No empirical TBMEs were available at that time (1986) for a proton in the π 0h 11/2 orbital and a neutron in the ν1f 7/2 orbital. Therefore, an interaction obtained from the global systematics of Schiffer and True [20] was used in Ref. [4] . The 17 + isomeric state was found to have a (π 0h 11/2 ) 5 ν1f 7/2 configuration with (protonplus-neutron) seniority υ = 4. In general, a good agreement with the levels of 152 Tm below the 17 + isomeric state was found in Ref. [4] . However, the authors also commented that "significant improvements" would be possible if empirical TBMEs were also available for the proton-neutron interaction. In addition, the data obtained in this work for the levels above the isomeric state warranted new calculations. Here, we report on calculations in a large shell-model space in order to interpret the found levels and the known level scheme below the 17 + isomeric state. The results are also interpreted in a simplified approach in a truncated valence space (π 0h 11/2 ) 5 ν1f 7/2 .
A. Large-scale shell model
The calculations in the large-scale shell-model space were performed with the codes ANTOINE [21] and KSHELL [22] . An inert 132 Sn core was assumed with valence protons and neutrons occupying orbitals in the 50-82 and 82-126 shells, respectively. The single-particle energies (see Fig. 7 ) were extracted from the properties (masses and level energies) of 132 Sn, 133 Sb, and 133 Sn, appropriate for the model space adopted in the full shell-model calculation. In particular, the single-proton energies of the 0g 7/2 , 1d 5/2 , 1d 3/2 , 2s 1/2 , and 0h 11/2 orbitals were −9.667, −8.705, −6.959, −7.327, and −6.874 MeV, while the single-neutron energies of the 0h 9/2 , 1f 7/2 , 1f 5/2 , 2p 3/2 , 2p 1/2 , and 0i 13/2 orbitals were −0.842, −2.403, −0.398, −1.549, −1.040, and 0.297 MeV, respectively. The realistic CWG Hamiltonian (a version of the interaction developed by Chou and Warburton [23] ) was adopted, based on the charge-dependent (CD) Bonn force [24] .
An estimate of the size of the model space can be obtained from the dimension formula for the antisymmetric representation [ 1 N ] of the Lie algebra U( ),
where is the size of the single-particle space and N is the number of valence nucleons. In the case of 152 Tm, the numbers are ν = 44, N ν = 1 and π = 32, N π = 19, giving a dimension d ≈ 1.5 × 10 10 . As the calculations are performed in the m scheme, this dimension is reduced by an order of magnitude, at the limit of the available computing power. Therefore, initially the strategy of Ref. [4] is adopted, where 152 Tm is treated as a 146 Gd core plus one valence neutron in the 82-126 shell and five valence protons in the 64-82 subshell, as shown in Fig. 7 . In this lowest-order approximation, the dimension d is 3.5 × 10 5 ; in the m scheme, it further decreases and calculations can be easily carried out. To obtain a more realistic description of 152 Tm, a number of proton excitations, t, from the (π 0g 7/2 , π1d 5/2 ) into the (π 1d 3/2 , π2s 1/2 , π0h 11/2 ) orbitals are allowed. A calculation with unrestricted t, which includes all proton configurations in the 50-82 shell, shall be referred to as the "full" shell-model calculation. In all cases, the entire 82-126 shell is taken without any truncation for the one neutron outside the N = 82 shell closure.
States with all possible angular momenta J are obtained in a model space with angular-momentum projection of M = 0. With the available computing resources, this can be done for the case where two proton excitations across the Z = 64 subshell are allowed, i.e., for t 2. With this truncation, the lowest eigenstate has J π = 9 + , closely followed by a J π = 8 + level. In addition, the positive-parity levels of interest in the experimental spectrum have J 8. Therefore, it is reasonable to use a model space with M = 8. This is advantageous because the dimension d decreases with increasing M and calculations can be performed in the full shell-model space for M = 8. Similarly, a model space with M = 11 is sufficient to study the features of the negative-parity level structure. The energy spectra of the nucleus 152 Tm calculated in the full shell-model space (LSSM) are compared with the observed levels (Expt) in Fig. 8 . The experimental and calculated energies of the yrast 9 + state are both set to zero and all other energies are shown relative to this level. The observed 9
+ -11 + -13
+ sequence is well reproduced in the calculation (with a mean-square energy deviation of E = 0.214 MeV) and therefore can be fixed with reasonable confidence. The 16 + level is calculated to be at an excitation energy of 2.769 MeV, more than 300 keV above the 17 + isomer. The observed 8 + -9 is almost correct, the agreement is less satisfactory for the negative-parity levels, with a mean-square energy deviation of E = 0.581 MeV. In particular, the 11
− multiplet is too compressed in the calculation. This points to a possible deficiency of the interaction but we have chosen not to modify the TBMEs of Ref. [24] . Alternatively, it could be due to a much restricted valence space for the negative-parity states. As to the J > 21 levels, the discrepancies in energy increase with increasing angular momentum and become very large for J ∼ 27. Therefore, it is possible that the states with J > 21 have a structure that is beyond the scope of the current model space.
B. Simplified shell model
Effective single-particle energies (ESPEs) change with nucleon number due to the monopole components of the nucleonnucleon interaction. Therefore, the ordering and evolution of ESPEs across a region of nuclei under consideration is model specific. To achieve further insight into the observed levels in 152 Tm, a simplified model is considered, appropriate for the region around 146 Gd. In particular, a model space with five protons in the π 0h 11/2 orbital and one neutron in the ν1f 7/2 orbital may provide a simplified description of the high-spin positive-parity levels in 152 Tm. This simplified model is based on two observations: (i) the first-excited 13/2 + level is ∼1 MeV above the 7/2 − ground state in 147 Gd and (ii) the 11/2 − level is the lowest in energy with negative parity in 147 Tb. To perform calculations in this model space, the TBMEs for protons in the π 0h 11/2 orbital as well as those between a proton in the π 0h 11/2 orbital and a neutron in the ν1f 7/2 orbital are required. Such empirical interactions can be extracted from the spectra of 148 Dy and 148 Tb, respectively. A comparison of the empirical matrix elements with the corresponding ones of the CWG Hamiltonian is presented in Fig. 9 . The empirical matrix elements are shifted in order to have the same monopole average as that of the CWG matrix elements. A striking difference occurs for the pairing (J = 0) matrix element between the protons. The pairing correlations in several orbitals are naturally built into the CWG Hamiltonian. To simulate such correlations in a single-orbital calculation, a strongly attractive pairing matrix element is needed. Therefore, the empirical pairing matrix element is much more attractive compared to the one from the CWG Hamiltonian. To a lesser extent, the same comment is valid for the quadrupole pairing (J = 2) matrix element between the protons. The empirical and CWG proton-neutron matrix elements display a consistent behavior as a function of the coupled angular momentum J . In these comparisons, it should not be forgotten that the empirical and microscopic interactions are tailored for different model spaces and therefore differences can be expected. a strength adjusted such that its monopole average coincides with that of the CWG matrix elements. Figure 10 shows the energy spectra resulting from three different simplified shell-model calculations: (i) with empirical proton-neutron matrix elements, (ii) with proton-neutron matrix elements from a δ interaction, and (iii) with zero proton-neutron interaction. In all calculations, the empirical proton-proton interaction is taken since both the CWG and the δ proton-proton TBMEs lead to poor results if employed in a restricted model space. For example, the excitation energy of the 17 + level with respect to the yrast 9 + state is calculated using CWG to be less than half the observed energy. This discrepancy is caused by the above-mentioned differences in the pairing matrix elements. The calculation with the empirical proton-neutron matrix elements correctly predicts J π = 9 + for the ground state. This angular momentum is favored by two effects. First, the proton-neutron matrix element for J = 9 is strong and attractive (see Fig. 9 ). Second, the number of (π 0h 11/2 ) 5 ν1f 7/2 states is close to the maximum for J = 9, namely 30, and as a result correlations bring down the 9 + 1 level in energy. There are slightly more states (33) for J = 6 and 7. However, due to the weak proton-neutron interaction for these angular momenta (see Fig. 9 ), the 6 [4] , presumably because of the closeness of proton-neutron interaction (V πν ) estimated from systematics to the present one obtained from data. It is seen from Fig. 10 that the proton-neutron interaction has some influence on the energy spectrum; namely, it lifts the degeneracy of certain levels. For example, the 8 
where V J πν is the TBME between a proton in the π 0h 11/2 orbital and a neutron in the ν1f 7/2 orbital coupled to angular momentum J . This result is obtained with use of Eq. (1) of Ref. [25] . As the coefficients in the expansion (2) sum to zero, the two levels are degenerate for a V J πν that is constant with J . The coefficients in front of V J πν are small except for J = 2, 8, 9 and, furthermore, V 8 πν is small (see Fig. 9 ). Therefore, the energy difference E(8 The energies of the 9 + 2 and 10 + 1 levels are not reproduced by the simplified shell model. This can be understood using the results of the full shell model, where these states have a dominant component (>90%) with the neutron in the ν0h 9/2 orbital instead of the ν1f 7/2 orbital. Therefore, the splitting of the 9 + 2 and 10 + 1 levels is mainly due to the π 0h 11/2 -ν0h 9/2 interaction. One can again make a qualitative estimate of the energy difference, following Ref. [25] , by assuming that the five-proton configuration has seniority υ π = 1, leading to the expression E(10 
where V J πν is now the TBME between a proton in the π 0h 11/2 orbital and a neutron in the ν0h 9/2 orbital. A similar analysis as that discussed above leads to the conclusion that the energy difference E(10
2 ) results mainly from the proton-neutron interaction in the J = 1, 2 and the J = 10 configurations, which are seen to have opposite effects. For the π 0h 11/2 and ν0h 9/2 orbitals the former TBMEs are strongly attractive (in particular for J = 1) while the latter are less so, which constitutes a qualitative explanation of the larger observed energy splitting (361 keV) in this case.
A final remark of this section concerns the large energy spacing between the 19 + and 17 + levels. In the simplified shell model, it results from a change in structure for the protons, from proton seniority υ π = 3 to υ π = 5 (which corresponds to proton-plus-neutron seniority υ = 4 to υ = 6). This is in line with the explanation advocated in Ref. [4] .
